This is the first technical report of a two-year study of the geology of the Lake Monti cello region, South Carolina. This work was undertaken in order to determine the geological factors responsible for the induced seismic activity at Lake Monti cello.
Generalized geological map of the southern Appalachians.
Modified from Williams (1978) 
I. INTRODUCTION .
This is the first technical report of what is intended to be a twoyear study (3/1/80-2/28/82) of the geology of the Lake Monticello region, South Carolina (Fig. 1) .
Lake Monticello is a hydroelectric pump storage reservoir, built in conjunction with the V. C. Summer nuclear station in Fairfield County, South Carolina, by the South Carolina Electric and Gas Company. Lake
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Monticello, covering 17 x 10 nr and having a storage volume of 307 x 10 o m , was impounded on December 3, 1977, and full pond was attained February 8, 1978 . A marked increase in the local seismic activity became evident about three weeks after the initiation of filling of the reservoir ( Fig. 2 ; Talwani and others, 1978) . This increased level of seismic activity has continued intermittently to the present. Lake Monticello-is one of the most thoroughly documented cases of induced seismicity in the United States (Due and others, 1978; Talwani and others, 1978; Talwani, 1979; Talwani and others, 1980) . The U.S. Geological Survey, the National Science Foundation, and the South Carolina Electric and Gas Company are supporting an intense research effort to understand the causes and controls of the seismic activity at Lake Monticello. It is hoped that this research will yield information that may ultimately be useful in the prediction and/or control of natural earthquakes. Moreover, this research may lead to a better understanding of the seismic risk in the densely populated Appalachian Piedmont Province.
The interpretation of the geophysical information from the Lake Monticello area has been hampered by a lack of information on the geology of the region surrounding the reservoir. The studies described here were under-
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The seismic activity at Monticello Reservoir has brought into focus several fundamentally important geological questions:
1. Is the induced seismic activity fortuitous, resulting from the accidental coincidence of the reservoir with a local area of critically stressed rock and perhaps controlled by some local lithologic or structural inhomogeneity in the crystalline rocks beneath the reservoir?-Or, 2. are the crystalline rocks in the southeastern Piedmont generally in a near-critical state of stress, perhaps resulting from the combination of a regional stress system with the effects of long-continued erosion, so that induced seismic activity will occur anywhere in this region that large reservoirs are constructed?
3. Is there danger that a damaging earthquake could eventually occur at Monticello Reservoir, perhaps along a major pre-existing, throughgoing fracture, or, are the rocks beneath Monticello
Reservoir relatively intact so that the strain energy will be gradually released by slip along the innumerable short joints and small faults that are known to penetrate the rocks in this region Moore, 1974, 1975}? 4. Is it possible that the metamorphic foliation or certain sets of joints or small faults are favorably oriented with respect to the stresses in the rock, and are reactivated by the small changes in stress and/or pore pressure resulting from the filling of the reservoir?
In order to answer these questions, the.following program of geological studies were undertaken: 1) Detailed field mapping of the Chapin, Little Mountain, Jenkinsville, and Pomaria 7 1/2 minute quadrangles in a corridor extending north from the Carolina slate belt out into the Charlotte belt around Monticello Reservoir.
2) Detailed mapping of swarms of northwest trending Mesozoic diabase dikes by means of a magnetometer survey.
3) Detailed fracture orientation studies at forty sites in the corridor where extensive outcrop is available.
II. REGIONAL GEOLOGY
The regional geology of this portion of the Appalachian Piedmont province has recently been extensively reviewed (Secor and Snoke, 1978; Snoke and others, 1980) . The South Carolina Piedmont contains a number of northeast trending tectonic-metamorphic belts characterized by distinctive lithologies and metamorphism. The present study area is located athwart the boundary between the Carolina slate belt and the Charlotte belt (Fig. 3 ).
II.1 Carolina Slate Belt
The Carolina slate belt is a sequence of greenschist facies metavolcanic and metasedimentary rocks that extends along the Fall Line from Virginia to Georgia. In South Carolina and eastern Georgia the slate belt contains two terranes characterized by felsic metavolcanic rocks. These are flanked and separated by terranes of metasedimentary rocks (Fig. 4) .
The stratigraphic relationships between the terranes are controversial Modified from Williams (1978) . and uncertain (compare: Secor and Wagener, 1968; Daniels, 1974; Carpenter, 1976; Howell and Pirkle, 1976; Pirkle, 1977 Pirkle, , 1978 Secor and Snoke, 1978) .
The Carolina slate belt is commonly interpreted to have accumulated in an island-arc environment, although there is uncertainty whether the arc was founded on oceanic or continental crust (Butler and Rag!and, 1969; Whitney and others, 1978) . Radiometric age determinations on felsic metavolcanic rocks from the Carolina slate belt (Hills and Butler, 1969; Fullagar, 1971; Glover and Sinha, 1973; Butler and Fullagar, 1975; Black and Fullagar, 1976; Seiders and Wright, 1977; Wright and Seiders, 1977; Black, 1978; Carpenter and others, 1978) indicate that the arc was active during the Late Precambrian and Cambrian, as do fossil remains that have been found in a few places (St. Jean, 1973; Cloud and others, 1976; Maher, 1978 Maher, , 1980 . Petrologic studies indicate that the felsic metavolcanic rocks in the slate belt have an unusually low potassium content and may have been derived from tonalitic or trondhjemitic magmas.
Detailed structural studies in combination with geochronological studies indicate that the Carolina slate belt has been affected by at least two major periods of penetrative deformation. The first of these (Dj) was an episode of tight to isoclinal folding and greenschist facies metamorphism that resulted in the development of a penetrative slaty cleavage.
The age of the Dj deformation is controversial (Seiders and Wright, 1977; Briggs and others, 1978; Kish and Fullagar, 1979) , but Dj definitely preceded the emplacement of a 325-265 m.y. suite of granite plutons in the slate and Charlotte belts (Fullagar and Butler, 1979) . The second major period of deformation is characterized by folding and amphibolite facies regional metamorphism that is mainly manifested along the southeastern edge of the Carolina slate belt adjacent to the Atlantic Coastal Plain (Secor and Snoke, 1978; Snoke and others, 1980 in press). At least three distinct sub-episodes of deformation cd.n be recognized along the southeastern edge of the slate belt (03, D3 , D4 ). The effects of D2 folding extend well out into the Carolina slate belt and may be present in the present study area. The effects of 03 and 04 seem to be restricted to the southeastern edge of the Carolina slate belt immediately adjacent to the Kiokee belt (Fig. 3) . Geochronological studies indicate that D2, DS and 04 occurred during the period 315-265 m.y. (Kish and others, 1978) .
Geophysical studies (Cook and others, 1979; Harris and Bayer, 1979) have indicated that a major sub-horizontal interface underlies most of the Piedmont and. Coastal Plain at a depth of 5-15 km. This is interpreted to indicate that much of the Piedmont is allochthonous. The northwestward directed overthrusting is probably in part related to the 315-265 m.y.
Carboniferous deformational episode, although some overthrusting could hav._ also occurred in the Mid to Early Paleozoic.
The Mesozoic history of the Piedmont is characterized by block faulting and the development af sediment filled fault troughs. These fault troughs have been almost completely removed from the South Carolina Piedmont by erosion, but the related silicified fault zones have been recognized in many places. These Mesozoic faults are commonly associated with quartzfilled extension fractures, and zeolite mineralization accompanies fracturing in many places (Conley and Drummond, 1964; Privett, 1973a Privett, , 1973b Privett, , 1974a Privett, , 1974b Privett, , 1977 Brown and Gilbert, 1977; Butler, 1977; Wagener, 1977; Snipes and others, 1979) . Numerous northwest-trending diabase dikes were also intruded during the Mesozoic.
The Cenozoic history of the Piedmont is generally characterized by erosion and tectonic stability, although north trending faults that displace
Tertiary strata have been recognized in the vicinity of Augusta, Georgia (O'Connor and Prowell, 1976; Prowell and O'Connor, 1978) , and these may extend into west-central South Carolina.
II.2 The Charlotte Belt
The Charlotte belt is a heterogeneous group of igneous and amphibolite facies metamorphic rocks that outcrop in a broad band trending northeast (Fullagar, 1971; Weisenfluh and Snoke, 1978) .
A younger group of late synkinematic granite, adamellite, syenite, diorite, and gabbro plutons also intrude the Charlotte belt. These are best documented in North Carolina (Butler and Fullagar, 1978) although the Lowrys and Bald Rock plutons in South Carolina also belong to this group. Finally, both the Charlotte belt and the Carolina slate belt are intruded by the postkinematic Carboniferous plutons (Fullagar and Butler, 1979) probably partly coextensive with the terrane IV volcanic sequence which has been mapped along the northern edge of the slate belt in western South Carolina (Fig. 4) . This unit also resembles, the Persimmon Fork Formation which outcrops extensively in terrane II in central and western South
Carolina (Secor and Snoke, 1978) . This debris flow unit is also coextensive with the terrane IV volcanic sequence (Fig, 4) .
The youngest strati graphic unit in the Carolina slate belt in this region is a sequence of evenly laminated to massive mudstone and wacke (6 m w ) This uni 't outcrops in a northeast trending band, 2-4 km. wide in the southern parts of the Chapin and Little Mountain quadrangles. This unit is identical with metasedimentary terrane III, which is of widespread extent in the slate belt of South Carolina (Fig. 4) . Graded layers of mudstone and/or wacke 0.5-3.0 m. thick comprise the bulk of this unit.
These layers are commonly separated by sequences of thin-bedded evenly laminated mudstone containing graded varve-like layers 0.1-3.0 cm. thick This unit is interpreted as a turbidite sequence which accumulated in a quiet depositional basin below the influence of waves and tidal currents
The mudstone and wacke unit is interpreted to occupy the core of a major DI synclinorium, and grades down section into the thick volcanic debris flow sequence. In the eastern_part of the Chapin quadrangle the mudstone and wacke unit contains a distinctive amygdaloidal greenstone 0-100 m.
thick at its base (eg). .... . ,.
III.3 Charlotte Belt Stratigraphic Units
The Charlotte belt is characterized by an abundance of fel sic metaigneous rocks (6g qn ), but it also contains a metavolcanic amphibolite The amphibolite unit may correlate with the amygdaloidal greenstone unit in the Carolina slate belt in the Chapin (this report) and Richtex quadrangles (Secor and Wagener, 1968 Several extensive sheets of stratiform granitic orthogneiss (Gggn)
intrude the Charlotte belt in the northern parts of the Little Mountain and Chapin quadrangles. Eventually it will be possible to subdivide this unit into a number of major compositional varieties; however, the petrographic work necessary for this subdivision is still in progress.
A strongly deformed meta-quartz-feldspar porphyry occurs in the Charlotte belt immediately north of the border with the slate belt. These intrusive porphyries are very leucocratic and are practically devoid of potash feldspar. We interpret these porphyries to originally have-been emplaced as a series of epizonal trondhjemite dikes and/or sills that may be genetically related to the felsic volcanic rocks of similar composition in the Carolina slate belt. To the north, the deformed trondhjemitic rocks become coarser grained and less obviously porphyritic, suggesting that the metaigneous rocks in the interior of the Charlotte belt were originally emplaced at greater depths than the metaigneous rocks adjacent to the Carolina slate belt. A weakly deformed leucocratic granitic gneiss containing abundant potash feldspar is present in the vicinity of the clay pit in the west-central part of the Little Mountain quadrangle, immediately north of the Carolina slate belt. At present we are not able to separately distinguish this unit from the meta-trondhjemite, although it probably is a late-synkinematic granite entirely unrelated to the trondhjemite.
III.4 Igneous Rocks
Several large postkinematic plutons of adamellite (Ca ) have been emplaced into the Charlotte belt in the Jenkinsville and Pomaria quadrangles and surrounding region (Wagener, 1970 (Wagener, , 1977a Dames and Moore, 1974; Bourland and Farrar, 1980) . In the Jenkinsville quadrangle these plutonic rocks are typically a sparsely porphyritic, light gray, fine grained adamellite admixed with numerous amphibolitic xenoliths. In some places the xenoliths are extremely abundant constituting more than 50% of the rock. Large enclaves of country rock sometimes occur within the postkinematic plutons, and the country rock immediately outside the plutons is an injection migmatite in many places. The postkinematic adamellite in the Jenkinsville quadrangle closely resembles the rock found in the nearby Rion and Newberry plutons (Wagener, 1977a) .
Two small plug!ike masses of gabbro have been emplaced along the axis of a D^ syncline in the southwestern part of the Little Mountain quadrangle. The aureole of contact metamorphism surrounding these bodies in the laminated to massive mudstone and wacke unit appears to overprint the $1 foliation, and so the gabbro was probably emplaced in the Mid to Late Paleozoic.
The youngest rocks in the study area are a series of olivine diabase dikes ( Jd) of Jurassic (?) age (DeBoer, 1967) . These trend approximately N25°W, are steeply dipping to vertical, and are up to 10 meters thick.
The diabase dikes are difficult to trace by conventional field mapping techniques because they are susceptible to chemical weathering and outcrop very rarely. However the diabase dikes are extremely magnetic and can be easily traced with a proton precession magnetometer. The dikes often have magnetic anomalies of several hundred gammas. In the present study it is important to establish the precise locations of the diabase dikes in order to determine if they have been displaced by north or northeast trending faults. For this reason we have undertaken to measure several magnetic profiles across the study area. These magnetic studies, and the locations of the dikes discovered to date are described in a later section.
III.5 Structural Geology
The oldest recognizable deformation episode (D^) in the study area was a period of folding, intense penetrative strain and greenschist facies (slate belt) to amphibolite facies (Charlotte belt) regional metamorphism.
This deformation produced a prominent metamorphic foliation that is the dominant fabric element in both the slate and Charlotte belts. In most places the S-^ foliation contains a strong subhorizontal elongation lineation (L^). The lapilli or lithic clasts in the volcanic debris flow unit in the Carolina slate belt are strongly elongated parallel to L^.
Likewise, the quartz phenocrysts in the metatrondhjemite unit of the Charlotte belt are elongate parallel to Lj. In the evenly laminated to massive mudstone and wacke unit of the Carolina slate belt, the Ln . In the south-central part of the Chapin quadrangle along Wateree Creek, the D-, syncline seems to have a relatively broad axial zone in which the .primary stratification (So) is sub-horizontal for a width of approximately one kilometer. The D-i deformation described in the present study area is thought to be synchronous with the Dj deformation that has been described elsewhere in the slate and Charlotte belts (Secor and Snoke, 1978; Bourland and Farrar, 1980) and is probably Early to Mid Paleozoic.
In the central and northern parts of the Chapin and Little Mountain quadrangles the S^ foliation has been variably folded by a series of mesoscopic and macroscopic flexural folds (D2, F2). The style and orientation of these later folds is variable from place to place, and more than one distinct sub-episode may be present (Bourland and Farrar, 1980) . In most places the axes of mesoscopic t^ folds are parallel to the LI elongation lineation, but locally the orientations of L^ and ^2 are widely divergent. The effects of the E>2 deformation in the present study area resemble the D£ deformational effects observed along the southern edge of the Carolina slate belt (Secor and Snoke, 1978) where a Carboniferous age for D£ has been demonstrated. Therefore, the D£ deformation in the present study area may also be Carboniferous; however, Bourland and Farrar (1980) concluded that the later deformational phases in this region predate the emplacement of the 300 m.y. Winnsboro intrusive complex, and in the present study area the Carboniferous plutonic rocks appear to be undeformed. We conclude that D2 occurred in the early Carboniferous prior to 300 m.y. 1) There is an apparent discontinuity of the magnetic anomaly pattern along the zone (see Fig. 6 ).
The
2) Considerable drag is apparently associated with the fault zone so that Sg and Si have anomalous orientations and LI has been rotated into steeply plunging to vertical orientation (Points B, C, and D, Plate I).
3) Fault breccia, both silicified and unsilicified is found in the zone (Points A and B, Plate I). 6) The zone appears to offset older east-west trending silicified breccia zones (Point B, Plate I).
7) The zone also appears to offset a Jurassic (?) diabase dike (Plate V).
The sense of apparent strike-separation of strati graphic contacts by the Wateree Creek fault changes from sinistral to dextral in going from north to south along Wateree Creek across ,the axis of the Dj sync!inoriurn.
This suggests that the fault has experienced predominately dip-slip displacement and that the east side is down relative to the west side.
The observed drag of the SQ and S^ foliations and the LI lineation are compatible with this inferred movement sense.
Our preliminary observations indicate that both silicified breccia zones of probable Mesozoic age and a Jurassic (?) diabase dike are offset by the Wateree Creek fault. The time of latest movement must therefore be more recent than the Jurassic. In a road cut at location B (Plate I) it appears that a layer of surficial colluvium is not offset by the fault;
however, the age of the colluvium is not known and so no definite upper limit on the time of latest movement has yet been determined.
Location A (Plate I) is an outcrop of fault breccia in a small stream, and is the most northerly control point that we presently have on the Wateree Creek fault. Point A is located approximately 8 kilometers south of Monticello Reservoir. If the Wateree Creek fault is projected to the northwest, it will coincide with the narrow drainage divide between the west side of Lake Monticello and the Broad River. This is the region of most intense seismic activity associated with Lake Monticello, and also a region where fault plane solutions for the earthquake data predict a north-south strike for the fault planes (Talwani and others, 1980, p. 134) .
However the geophysical fault plane solutions suggest that low angle thrusting is the dominant failure mechanism along this zone, whereas our geological observations (Location B, Plate I) indicate that the Wateree Creek fault is steeply dipping to vertical.
In conclusion, it has not yet been demonstrated that there is a connection between the Wateree Creek fault and the seismic activity along the west side of Lake Monticello. However, such a connection is possible, and we are optimistic that our work in this region will ultimately provide the necessary data for deciding if the Wateree Creek fault is one of the controlling boundary conditions for the induced seismicity at Lake
Monticello.
III.7 Summers Branch Fault
Preliminary geologic field data suggests that there is a ^orth trending Therefore we have undertaken to measure several short magnetic profiles in this region. This work is presently in progress. Preliminary results suggest that the dike on the east side of the fault is not on strike wi oh the dike on the west side. The dike may therefore be offset by the Wateree Creek fault. However, these relationships could also be explained by an intrusive en-echelon offset of the dike or by the curvature of the dike to a different orientation in the anomalously stressed region near the fault. Hopefully, detailed magnetic studies will enable us to discriminate between these various hypotheses.
In addition to the field-magnetometer studies described above, we plan to conduct paleomagnetic studies of the diabase dikes as an aid in determining their age and in order to determine if reversely magnetized dikes occur that would be useful in geological correlation. These paleomagnetic studies will be conducted by graduate student Bill Smith under the direction of Tom Doley. 3) The individual joint fractures are usually 5-100 cm. long in a direction parallel to strike, although a few joints are much longer than this, extending beyond the limits of exposure.
4) Most of the joints are steeply dipping to vertical, although a few horizontal to gently dipping joints can usually be observed at most locations.
5) The intensity of jointing in the homogeneous postkinematic igneous rocks is much less than in the heterogeneous metamorphic rocks.
6) Only a small proportion of the joints have mineral infill ings of quartz or quartz-feldspar. Zeol ite'infillings were not observed, although we expect that any zeolite infill ings would have been removed by weathering from the surficial outcrops examined in this study,
7) There appears to be no regional consistency to the orientations and intensities of the major joint sets (compare stereonet patterns in Plates VI, VII, VIII, and IX).
The above studies have indicated that in most places in the area the rocks are highly fractured, and in addition at most locations a strong
Si metamorphic foliation is present. However, there appears to be little regional consistency to the orientation of the major joint sets, and as well, the BI foliation has been variably refolded to a variety of orientations by one or more Mid to Late Paleozoic deformation episodes. Based on this preliminary information, it is suggested that the jointing and metamorphic foliation may exert a major influence in the local small-sc. le failures related to the induced seismic activity, but that the lack of regional consistency in their orientations makes it unlikely that they would be the controlling influence leading to major seismic events.
VI. SUMMARY DISCUSSION
In the present study, it is extremely important to determine if there are major through-going brittle faults in the rocks around Monticello
Reservoir. Our field studies suggest that there is a brittle fault following the course of Wateree Creek in the Chapin quadrangle (herein called the Wateree Creek fault). The Wateree Creek fault strikes about N5°W and if projected to the north will coincide with the drainage divide between Lake Monticello and the Broad River. At present the most northerly point where definite indications of faulting have been found is located about 8 km. south of Lake Monticello. During the next several months we plan to focus our efforts toward a more thorough documentation of the Wateree Creek fault, and toward determining its northern extent.
It is strongly emphasized here that this is the first six-month technical report of a project that will last for two years. All of the scientific conclusions presented here are tentative, and all could change as a result of further work.
